A large number of diseases are multifactorial whereby both environmental and genetic factors contribute to the aetiology and/or clinical severity. The genetics of many of these diseases is complex, involving multiple genes, and Mendelian patterns of inheritance do not apply. The genetic contribution in susceptibility for rheumatoid arthritis (RA) is exemplified by family clustering and a threefold to fourfold higher pairwise concordance percentage for clinically expressed RA in monozygotic twins than dizygotic twins. [1] [2] [3] The mode of segregation in the population is best explained by a polygenic background influenced by the right environmental stimulus. Estimates suggest that at least 10 diVerent genetic regions may be linked to susceptibility to RA. 4 As a consequence, variability in the contribution of genetic factors involved in disease may be related to variability in clinical presentation with a spectrum ranging from mild to severe disease.
Good evidence exists that RA is associated with HLA-DRB1 alleles, in particular alleles that share a short amino acid sequence QKRAA, QRRAA or RRRAA at position 70-74 in the binding groove of the MHC molecule found in HLA-DR1 (HLA-DRB1*0101 and 0102), DR4 (HLA-DRB1*0401, 0404, 0405), DR6 (HLA-DRB1*1402) and DR10 (HLA-DRB1*1001) specificities named shared epitope (SE) alleles. [5] [6] [7] Parametric linkage analysis suggests that HLA may contribute up to 30% of overall inherited susceptibility in RA. 8 However, despite intense research eVorts the functional basis of disease associated HLA alleles in RA is still not understood.
In the hunt for additional genetic factors that contribute to RA two approaches have been taken. Firstly, genome wide screening in large multicase family registries is carried out to define genetic regions that co-segregate with disease more frequently than is expected. Secondly, candidate genes may be defined on the basis of their role in the pathophysiology of the disease. Association studies in aVected and unaVected persons are used to define disease susceptibility genes. Subsequent disease stratification studies may help to define genetic markers that are associated with specific clinical manifestations. As far as RA is concerned, these analyses may be complicated as a consequence of genetic heterogeneity, incomplete penetrance and gene interactions.
The gene encoding tumour necrosis factor (TNF) as a candidate gene
We have performed research on the genetics of RA following the candidate gene approach. A large body of evidence indicated that polarised cytokine responses with as a consequence deficiencies or imbalances in the cytokine network may largely determine disease susceptibility and severity. Polarised cytokine profiles may not only play a part in immunopathological reactions but can also promote protection. In RA abundant expression of proinflammatory cytokines, such as TNF and interleukin 1 (IL1) are associated with pathology. In general TNF exerts either beneficial or deleterious eVects, depending on the timing, localisation and extent of its release. Extensive research revealed that TNF is a pivotal factor in RA. 9 Several lines of evidence have contributed to assignment of a role for TNF in RA. The most compelling evidence stems from studies where remarkable clinical benefit was observed in RA patients treated with TNF blocking agents. 10 Moreover, transgenic mice that overexpressed the human TNF gene developed a polyarthritis similar to RA.
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A critical question to be answered is which molecular mechanism underlies the diVerence in pro-and anti-inflammatory activity in inflammatory disease. Clinically useful information should come from understanding the molecular regulatory steps underlying the diVerence that would allow rapid identification of people who display a disturbed cytokine balance enabling clinicians to predict outcomes and to tailor treatment. The finding of interindividual diVerences in TNF production by peripheral blood mononuclear cells isolated from normal subjects towards a standard in vitro stimulus like endotoxin may provide a clue as to why patients produce inappropriate quantities of TNF. [12] [13] [14] [15] To estimate whether genetic influences were involved in the cytokine production profile we analysed TNF production profiles in whole blood cultures of monozygotic twins and siblings after stimulation with endotoxin for six hours. 12 We observed an increased correlation for TNF production capacity in monozygotic twins compared with siblings. Approximately 60% of the variation in TNF production appear genetically determined. These data indicate a strong genetic influence on the production of cytokines upon ex vivo stimulation of whole blood with endotoxin and are in accordance with results from other investigators who reported genetic associations with HLA-DR alleles and other markers on chromosome 6. [13] [14] [15] These observations, together with the localisation of the TNF on chromosome 6 within the MHC class III region between HLA-B and HLA-DR genes, 16 prompted speculation about the existence of functionally relevant polymorphisms in the TNF gene.
As a consequence the TNF gene has received considerable attention as a candidate disease associated gene in RA.
Clinical relevance of genetically determined cytokine production profiles To asses the genetic influence on cytokine production in relation to disease the heritability of the cytokine production capacity in relation to outcome of an infectious disease, in this case meningococcal infection, was analysed. 12 Therefore, we studied the production of cytokines in first degree relatives of patients who either survived or died from meningococcal infection. A total of 190 first degree relatives of 61 patients with meningococcal disease of whom 45 survived and 16 died were studied. TNF production after six hours of stimulation with 100 ng/ml by whole blood of relatives of patients who died was only half of that in cultures of relatives from patients who survived. We also measured the production of the anti-inflammatory cytokine IL10 after 24 hours, which was twofold higher in whole blood of relatives of patients who died. When cytokine production within families was classified as low and high based on dichotomy around the median we observed that families with low TNF production had a 10-fold increased risk for fatal meningococcal disease. Families with high IL10 production had a 20-fold increased risk for fatal disease. Families with both characteristics had the highest risk. From these data it is concluded that a genetically determined cytokine profile may contribute to disease outcome.
Based on the data it is proposed that a proinflammatory cytokine profile is important in the initial recovery phase of an infectious disease. This is in agreement with animal studies where an anti-inflammatory cytokine profile during the initial phase of infection dampens the nonspecific host response and allows growth of microorganisms. 17 18 Analogously, IL10 attenuates the clearance of various pathogens. Moreover, TNF receptor knock out mice are highly susceptible to infection. Whereas recombinant TNF can protect animals against lethal Gram negative bacterial sepsis. 19 20 For inflammatory autoimmune diseases the opposite is seen. Absence of IL10 leads to a chronic enterocolitis 21 and increased expression of TNF results in chronic arthritis. 11 Thus the same profile may be beneficial in one condition and detrimental in another case depending on the clinical burden. Persons with an antiinflammatory cytokine profile may be less able to mount a robust immune response to eliminate the infectious agent and will develop fulminant disease. On the other hand a shift towards the pro-inflammatory side may underlie the pathology in polygenic diseases characterised by chronic inflammation and tissue destruction.
TNF genetics and disease
The search for heterogeneity within the TNF locus uncovered extensive polymorphism. Besides polymorphisms such as restriction fragment length polymorphisms (RFLPs), microsatellites and single nucleotide polymorphisms (SNPs) [22] [23] [24] [25] [26] in the regions outside the TNF gene a number of polymorphisms have been identified in the TNF gene itself. Until now we and others have identified a total of nine SNPs, one of which is located in the first intron at position +489, one at position +70 in the 5' untranslated region (UTR) and seven in the 5' regulatory region, a region involved in the regulation of TNF gene transcription ( fig  1) . [27] [28] [29] [30] [31] [32] [33] The polymorphisms at position −238 and −376 were found to be in strong linkage group.bmj.com on October 30, 2017 -Published by http://ard.bmj.com/ Downloaded from disequilibrium. 30 34 The variants at position −238 and −308 revealed weak linkage. 32 So far no polymorphisms have been identified in the 3' untranslated region that is involved in the regulation of translational eYciency and mRNA turnover. The TNF gene polymorphisms may be able to aVect TNF production and, as a result, facilitate deregulation of the cytokine network, leading to pathology. Owing to the location of the TNF gene in the MHC, the existence of a disease causing allele may raise questions as to its role in rheumatic diseases in relation to class I and II alleles. This region of the genome is highly polymorphic and many of the diseases with an autoimmune component are associated with MHC alleles. Putative disease causing TNF alleles may either contribute independently of HLA class I and II alleles to disease, or constitute a joint risk factor with HLA class I and II alleles. Alternatively, as polymorphic genes within the MHC display a high degree of linkage disequilibrium, disease associations with MHC localised alleles could be a consequence of linkage with a nearby disease causing gene. An illustration of the latter point is the finding that the known MHC linkage of congenital adrenal hyperplasia was in fact attributable to the existence of MHC haplotype with a defective or absent 21-hydroxylase gene that is located within the class III region. 35 The first polymorphism identified within the TNF gene is a G to A transition at position −308 relative to the transcription start site. The frequency of the uncommon allele in the white population is about 20%. Most interestingly, the uncommon A allele is strongly associated with the HLA-A1-B8-DR3-DQ2 haplotype, 27 36 which is associated with autoimmune diseases and the high TNF producer phenotype. 13 Allele distribution studies in stratified patient groups revealed significant associations of this polymorphism with disease outcome in infectious diseases. The most significant findings have been in Malaria and Leishmaniasis. 37 38 It was estimated that TNF-308 A homozygotes have a relative risk of 4.0 to develop cerebral malaria and 7.7 for death or sequela. These associations were independent of HLA alleles and suggest that the TNF-308 allele could be a predisposing factor for cerebral malaria. Another disease associated with the TNF-308A allele is mucocutaneous Leishmaniasis. A significant increase of the −308 A allele was found in patients with the mucocutaneous form of Leishmaniasis, although the total number of patients studied was low.
MHC class I
Also for the −238 A polymorphism disease associations have been described. Hohler et al 39 described a significant increase of the −238 GA genotype in patients with juvenile psiorasis and psioratic arthritis. For the +489 polymorphism an association with common variable immune deficiency is found. 40 The uncommon A allele was significantly increased in the granulomatous patients. This association was also independent of HLA.
In aggregate these data provide evidence that genetic variation within the TNF locus is important in disease susceptibility and outcome.
TNF genetics and RA Analysis of the segregation of five TNF microsatellite markers with disease in 50 multicase RA families provided evidence for the presence of a susceptibility gene in or nearby the TNF locus independent of HLA-DRB1. 41 Results from another study of 61 white multicase RA families were in accordance with assignment of the TNF locus as an independent susceptibility locus. 42 The segregation data further suggested that TNF microsatellite haplotypes, in particular a6b5c1d3e3, define an independent risk factor for RA. 41 However, these findings were not confirmed by others who reported that the association of microsatellites with RA was secondary to HLA-DRB1. 43 We investigated the association of TNF SNPs with susceptibility to and severity of RA in a group of 283 RA patients who visited the outpatient clinic. For analysis of an association with disease susceptibility we compared the distribution of −376, −308, −238 and +489 TNF alleles with that in a group of 130 healthy controls (table 1) . This analysis showed a significant decrease of the +489 A allele in RA, suggesting a protective eVect from this variant. 44 The association was shown to be independent from the HLA-DRB1 SE alleles.
Next we determined the association of TNF genotypes and clinical parameters of disease heterogeneity. In a relatively large case-control study it was observed that the −238 GA and +489 GA genotypes were associated with less erosions during the first three years of disease. 44 45 This eVect was independent of and interactive with the presence of HLA-DRB1 SE alleles. These findings were confirmed in a prospective study involving a cohort of RA patients wherein disease progression was monitored at study entry and after 3, 6 and 12 years. At each visit radiographs were taken of hands and feet. Joint space narrowing, erosions and malalignment of 12 feet and 34 hand joints were scored according to Sharp. The principal measure is the sum of erosions and narrowing I22 Verweij group.bmj.com on October 30, 2017 -Published by http://ard.bmj.com/ Downloaded from scores and ranges from 0 to 448. This analysis showed a significant diVerence in the rate of joint damage, which was. 3.1 for the +489 GA patients versus 12.1 per year for the +489 GG patients (fig 2A) . 44 In analogy the rate of joint damage was decreased in the −238GA versus −238 GG patients ( fig 2B) . 45 These data are in accordance with those of Criswell et al 46 and Hajeer et al 43 who observed that TNF haplotypes defined by microsatellites were associated with the number of erosions in RA. In the aggregate, these results assign the TNF locus as a new genetic factor that contributes to disease activity in RA.
Functional relevance of TNF gene polymorphisms
As diVerences in disease outcome may result from dysregulation of inflammation, the association of TNF alleles with disease has strengthened the speculation on functionality of TNF gene polymorphisms. Therefore, we studied whether the nucleotide substitutions had a direct eVect on the amount of TNF produced, in particular by interference at the level of TNF gene transcription. Comparison of the sequence encompassing the −308 position revealed no similarity with known functional protein binding DNA sequences. To discover if this sequence has protein binding activity we performed gel retardation analysis with oligonucleotides encompassing the −308 position containing either a G or an A at that position in combination with nuclear extract from unstimulated and stimulated Jurkat cells, U 937 cells and Mono Mac 6 cells. This analysis revealed protein binding potential of the sequences, although no gross alterations in protein binding could be observed between the allelic oligonucleotides (Bayley JP, Kaijzel EL, Breedveld FC, Verweij CL, unpublished observations). To examine whether the protein binding capacity of the −308 sequence was of functional relevance for the transcriptional activity of the TNF promoter we generated promoter constructs wherein a 10 bp sequence encompassing the −308 position was replaced by a random sequence. A total of three constructs were generated that carried substitutions from −303 to −313, −300 to −310 and −306 to −316. These mutant promoters were linked to the Luciferase reportergene and transfected in Jurkat cells. Analysis of reportergene expression as measure of promoter activity showed no significant diVerence in the mutants compared with the wild type promoter indicative that this region is not of relevance in TNF promoter activity in response to standard in vitro. Next we determined whether the G to A transition at position −308 would influence the promoter activity (fig 3) . Promoter/ reportergene constructs containing the −308 A and G allelic promoters in the absence or presence of the TNF 3'UTR were used. Transfection studies in Jurkat cells either unstimulated or stimulated with diVerent reagents showed no diVerence in promoter activity between G and A promoter alleles. A similar conclusion was reached when using Raji B cells. 47 As it could be argued that functional studies in cell lines are not representative for the physiological situation we developed a method to compare diVerences in allelic TNF mRNA expression in primary cells. This method is based on variation at position +70 in the 5'UTR of the TNF gene. 29 As this variant is expressed in the mRNA it allows us to quantitatively discriminate between the allelic transcripts in a heterozygous person. For this analysis we selected people who were heterozygous for both the +70 polymorphism and the −308 polymorphism. One person has the −308 A position linked to the C-insertion at position +70 whereas in the other person this polymorphism is linked to the −308 G allele. PBMC were isolated and stimulated in vitro with LPS to stimulate monocytes or anti-CD3/CD28 to stimulate T cells. RNA was harvested and RT-PCR analysis on TNF mRNA was performed. Relative quantitation of the respective allelic TNF RT-PCR products based on the nucle- otide diVerence in length, revealed no significant diVerence between the two alleles, indicative that both the −308A and −308G allele contribute equally to the total TNF mRNA pool. Similar results were obtained with synovial tissue where TNF mRNA is expressed under physiological conditions. 47 48 These data confirm our earlier observations that the −308 G to A transition does not appear to have an eVect on gene transcription.
Despite a lack of evidence for functional significance of −308 G to A transition in at least three independent studies 31 47 49 others reported on functional relevance for this polymorphism. [50] [51] [52] Wilson et al reported on a sixfold to sevenfold increase of the −308 A allele in unstimulated Raji cells, 50 whereas Kroeger et al found a twofold increase in Jurkat cells only in combination with the 3'UTR present in the reportergene construct. 51 As consensus in this field is absent we feel further studies are needed to make conclusive statements on the functional relevance of the TNF −308 G to A transition.
We also tested the functional relevance of the −238 polymorphism in promoter/reportergene studies ( fig 3) . These analyses revealed no significant diVerence between the allelic promoters in unstimulated and stimulated Jurkat T cells, Raji B cells and U937 and MonoMac6 cells. 34 Moreover, we tested the +489 polymorphism for functional relevance (fig 4) . This polymorphism is located in the first intron of the gene and allowed us to discriminate between the allelic TNF precursor mRNA products. As the presence of the G allele provides a TaiI restriction site whereas the A allele is not cleaved by TaiI we could distinguish the respective TNF RT-PCR products by RFLP. PBMC were isolated and stimulated with LPS. TNF precursor mRNA was amplified by RT-PCR and digested with TaiI. The upper band is representative for the undigested A allelic transcript and the lower band for the cleavable G transcript. The ratio between these band varies between 1.1 and 1.4. The slight overrepresentation of the uncleavable A product is attributable to some heteroduplexformation in the PCR. Hence, the result is indicative that the same amount of precursor mRNA is produced from the respective TNF alleles, which conclusion excludes a diVerence in TNF gene transcription between the +489 A and G alleles.
Thus the disease associations may have to be explained by linkage disequilibrium with alleles within or nearby the TNF/LT locus. Interestingly, preliminary data suggest linkage of the +489 G allele with the TNF a6 microsatellite. This might suggest that +489 A is part of a haplotype that is associated with less severe disease in RA.
Concluding remarks
The data indicate the existence of TNF gene variants as novel markers for disease severity in RA independent of and additive to the HLA SE alleles. Further studies are necessary to determine whether the relevant TNF gene variants contribute directly to the pathophysiology of the disease through distubance of the cytokine haemostasis or is at best a genetic marker of another (unknown) polymorphism in the TNF gene or another immunological relevant gene nearby the TNF locus. 
